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744Objective: To investigate the impact of left ventricular dilatation on right ventricular papillary muscle
displacement.
Methods: Thirteen patients underwent high-resolution cardiac magnetic resonance imaging at Emory University
Hospital: Seven patients with congestive heart failure and a dilated left ventricle composed the dilated left ven-
tricular group, and 6 normal subjects were used as a control. A total of 120 cardiac magnetic resonance imaging
slices were acquired in a short-axis view at end diastole for each subject. Cardiac magnetic resonance imaging
slices were used to identify the papillary muscle tip position in 3-dimensional coordinates for the septal, posterior,
and anterior papillary muscles. The centroid of the papillary muscle coordinates was used as the reference point
for comparison between subjects. The relative orientation between the right ventricular papillary muscles was
evaluated and compared between the dilated left ventricular group and normal subjects.
Results: Dilatation of the left ventricle resulted in a significant (P¼ .05) displacement of the septal right ventric-
ular papillary muscle toward the centroid: normal group, 0.0285  0.036 mm/mm versus dilated left ventricular
group, 0.1437  0.026 mm/mm. More specifically, the septal papillary muscle significantly (P ¼ .03) moved
away from the septal wall (normal group: 0.61  0.09 mm/mm, dilated left ventricular group: 0.379  0.037
mm/mm). Specific locations of all 3 right ventricular papillary muscles were reported for normal subjects and
patients with a dilated left ventricle.
Conclusions: Patients with a dilated left ventricle have significantly increased displacement of the septal right
ventricular papillary muscle away from the septumwhen compared with normal controls. This demonstrates path-
ophysiologic contribution of the left ventricle to specific papillary muscle alterations within the right ventricle.
(J Thorac Cardiovasc Surg 2011;141:744-9)Left-sided heart disease is traditionally thought to affect the
right side of the heart through pulmonary hypertension1,2
and increased afterload on the right ventricle (RV). Left
ventricle (LV) dilatation and dysfunction, even in the
absence of pulmonary hypertension, can have a detrimental
impact on the RV and may be a potential mechanism for
high occurrence of tricuspid regurgitation (TR) in patients
with mitral regurgitation. In this study, it is hypothesized
that pulmonary hypertension geometric changes on the left
side may also directly affect the right side because the
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The Journal of Thoracic and Cardiovascular Surgseptum.3 The volume in which the LV and RV can fill is
restricted by the pericardial sack; thus, a dilated LV may en-
large not only into the pericardial space but also into the RV
because it is a lower pressure chamber. Changes in RV ge-
ometry induced from LV geometric changes may contribute
to secondary TR through papillary muscle (PM) displace-
ment, improper muscle contraction, or other complications.
Changes in RV geometry may lead to alterations in the po-
sitions of the PMs of the tricuspid valve (TV) because they
are directly connected to the ventricle. Jouan and colleagues4
and Hiro and colleagues5 investigated the RV PM position in
sheep over the cardiac cycle, but they did not report how
these positions may change in a diseased state. Studies
have implicated RV dilatation as a cause of anterior PM dis-
placement.6,7 The speculated mechanism for pathologic PM
displacement is that as the free wall of the RV dilates, the
anterior PM, located on the free wall of the ventricle and
attached to the valve leaflets through chordae tendineae,
moves outwardly, thus tethering the TV leaflets.8 In addition
to the proposed motion of the anterior PM due to RV dila-
tion, it is of interest to determine whether the PMs on the sep-
tal wall, the posterior and septal PMs, are displaced as the
result of LV dilation. Although it is probable that the septal
and posterior PMs are affected by LV dilation through the in-
terventricular septal motion, it has yet to be demonstrated inery c March 2011
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with specific causes, the direction of displacement, and
how much they are displaced remain unknown.
If in fact there is an effect on the PMs in the RV as the re-
sult of LV dilatation, this may further support the belief that
the dynamics on the left side of the heart affect the right side
of the heart. We hypothesize that geometric changes in the
LV, as a result of LV dilatation, may also alter RV geometry
and displace the PMs located on the septal wall.
This study identifies and compares the position of RV
PMs in normal subjects and patients with LV dilation to
quantitatively establish the RV PM positions and the influ-
ence of LV dilation on RV PM displacement. Magnetic res-
onance imaging (MRI) was the imaging modality chosen for
this study because it has the potential to image cardiac struc-
tures in high resolution with no radiation dosage.
MATERIALS AND METHODS
Patient Selection
A total of 13 subjects were scanned as part of a high-resolution geometric
protocol at EmoryUniversity HospitalMidtown, Atlanta, Georgia. Of these,
7 were patients with congestive heart failure (dilated LV group) with the fol-
lowing implications: mild (n ¼ 2) to severe (n ¼ 5) mitral valve regurgita-
tion, a dilated LV (LV end-diastolic volume 234.7 70.8 mL), mean age of
65  14 years, New York Heart Association class 2 (n ¼ 2), 3 (n ¼ 4), 4
(n ¼ 1), pulmonary regurgitation (n ¼ 3), pulmonary hypertension mild
(n ¼ 3) to moderate (n ¼ 3), normal systolic function (n ¼ 6), and mild
TR (n ¼ 5). The remaining 6 were normal subjects used as controls for
the study (normal group), with no known heart conditions and a mean
age of 25  2.5 years (n ¼ 5). The study was approved by the Emory Uni-
versity Institutional Review Board for human subjects, patient privacy was
protected according to Health Insurance Portability and Accountability reg-
ulations, and all patient identifiers were removed from data used in this
study. Informed consent was obtained from all participants in the study.
Image Acquisition
All scans were acquired on a Philips Intera CV 1.5 T (Andover, Mass)
system using a cardiac coil. High-resolution, electrocardiogram, and navi-
gator echo-gated ‘‘whole heart’’ gradient echo sequence was used in the
short-axis orientation spanning both the RV and LV during end diastole.9
Pixel size ranged from 0.53 to 0.70 mm, slice thickness ranged from 1.5
to 2.0 mm, and echo time ranged from 1.3 to 2.1 ms. Approximately 120
slices were acquired at end diastole, as confirmed with cine images, to cover
the entire LV and RV.
Data Processing
XnView 1.92 (Pierre-Emmanuel Gougele, France) was used for visualiza-
tion and post-processing. References in the x, y, and z directionwere identifiedThe Journal of Thoracic and Cato compare the PMs in 3-dimensional space. An annulus reference slice was
identified to calculate the z distance relative to the annulus reference plane
(ARP). The annulus plane was selected as a reference plane so the relative
proximity and change could be related to the annulus plane. The ARP was
identified as the slice in which the right coronary artery and aortic leaflets
were visible. The diameter of the ascending aortawasmeasured and recorded
in theARP. PM tip positionwasmanually identified in the various images by
identifying the regions of low intensity (the PM) among regions of high in-
tensity (blood) in the RV (Figure 1). The first slice in which the PMwas vis-
ible was recorded to obtain the z distance with respect to the ARP. The x and
y coordinates of the center of the PM tip were recorded to give the full 3-di-
mensional position.
Three-dimensional coordinates were recorded for all 3 PMs: septal, pos-
terior, and anterior in all subjects. All images were registered to the MRI co-
ordinate system for purposes of position and orientation.10
The centroid of the 3 PM coordinates was calculated for the 3 PMs for
each patient and used as a reference point. All distances were normalized
by ascending aortic diameter to minimize patient variability. X, y, and z dis-
tances from the centroid (Figure 2, A) were calculated for each PM and the
distance from each PM to the centroid (Figure 2, C). In addition, the triangle
formed by the 3 PMs was used to investigate the relative position of the
PMs. The distance of each triangle side length (Figure 2, B) and area of
the triangle formed by the 3 PMs (Figure 2, D) was reported.
PMswere classified into groups on the basis of their location; (i) anterior:
located on the free wall; (ii) septal: located on the anterior portion of the sep-
tum; and (iii) posterior: located on the posterior portion of the septum.
Statistical Methods
AnAnderson Darling test was used to test for normality. A 2-sample Stu-
dent t test was performed to determine statistically significant differences
between normal patients and patients with heart disease. Values are ex-
pressed as mean standard error. A post hoc power analysis was conducted
on groups in which a significant difference was noted to confirm appropriate
power (0.7).
RESULTS
Normal Group
All measurements for normal PM position can be found in
Table 1. It is notable that the sides of the triangle formed by
the PMs were of similar length. The septal PM was the fur-
thest from the centroid with a normalized distance of 1.07
0.08 mm/mm. The anterior PM was the most apical and fur-
thest from the ARP of the 3 PMs (0.20  0.04 mm/mm),
with the septal PM the closest to the ARP (0.85  0.07
mm/mm). A 3-dimensional depiction of normal PMs and
their position in the heart can be seen in Figure 3.
Dilated Left Ventricular Group
All measurements for diseased PM position are shown in
Table 1. The same relative position and orientation of all 3
PMs was noted in both groups. The septal PM was furthest
from the centroid (0.76  0.11 mm/mm). The anterior PM
was furthest away from the ARP (0.15  0.03 mm/mm),
and the septal PM was the closest (0.74  0.05 mm/mm).
Differences
Significant differences between normal patients and pa-
tients with heart disease were only detectable with the septal
PM. The differences were observed in the y distancerdiovascular Surgery c Volume 141, Number 3 745
FIGURE 1. MRI visualization of PMs. A, Septal PM. B, Anterior PM. C, Posterior PM. PM, Papillary muscle.
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normal 0.610.09mm/mm)and thus displaced in aposterior
direction. In addition, the septal PM was also displaced to-
ward the centroid (P¼ .05) in patients with heart disease (di-
lated 0.029 0.04 mm/mm; normal 0.144 0.03 mm/mm),
and therefore away from the septum. Significant differences
of PM displacement are shown in Figure 4.DISCUSSION
To our knowledge this is the first report describing the spe-
cific locations of all 3RVPMs in normal patients and patients
with a dilated LV using cardiac MRI. Comparison between
RVPMposition in normal patients and patients with a dilatedFIGURE 2. Schematic of measurements of PMs. X-direction¼ (þ) septal/(-) late
746 The Journal of Thoracic and Cardiovascular SurgLV revealed a significant difference in the relative position of
the septal PM. This study found that LV dilatation resulted in
the inward displacement of the septal PM toward the centroid
of the 3 PMs, which may be due to the displacement of the
septal wall into the RV with the increased LV volume. LV
dysfunction has typically been related to RV dysfunction
through pulmonary hypertension,1,11,12 but changes in the
LV geometry may be transferred to the RV though the
interventricular septum.13 Anyanwu and colleagues7 pro-
posed LV dysfunction or dilatation as a mechanism of TR
with normal pulmonary hypertension. Weber and col-
leagues3 discuss in detail interventricular septum effects
and the displacement of the septum into the RV with acuteral, Y- direction¼ (þ) anterior/(-) posterior, Z-direction: distance fromARP.
ery c March 2011
TABLE 1. Numeric measurements of papillary muscles for normal and dilated left ventricle groups
Normal group Dilated LV group
Average SE Average SE P value
X distance – anterior PM 0.61  0.09 0.38  0.04 .06
Y distance – anterior PM 0.20  0.04 0.30  0.04 .11
Z distance – anterior PM 0.20  0.05 0.15  0.03 .44
X distance – posterior PM 0.00  0.07 0.03  0.06 .76
Y distance – posterior PM 0.35  0.04 0.33  0.06 .83
Z distance – posterior PM 0.65  0.03 0.62  0.03 .48
X distance – septal PM 0.61  0.08 0.41  0.07 .09
Y distance – septal PM 0.14  0.03 0.03  0.04 .03a
Z distance – septal PM 0.85  0.07 0.74  0.05 .24
Distance anterior PM 0.69  0.08 0.49  0.06 .07
Distance posterior PM 0.76  0.04 0.65  0.10 .32
Distance septal PM 1.07  0.08 0.76  0.11 .05a
Triangle area 0.13  0.02 0.09  0.02 .23
Distance septal – anterior PM 1.40  0.15 1.04  0.08 1.08
Distance septal – posterior PM 0.84  0.10 0.63  0.11 .19
Distance posterior – anterior PM 0.99  0.07 0.90  0.07 .35
LV, Left ventricle; SE, standard error; PM, papillary muscle. aP  .05 compared with normal.
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DLV distention. Our results clearly show the interplay of ven-
tricle volume and the effect of the septum displacement into
the RV on the PMs. In addition, we believe that motion of the
septal wall into the RVmay translate to the septal leaflet as it
is attached to the septum through chordae tendineae and the
septal and posterior PMs. Specific identification of the effects
of the septal PM displacement on the leaflets was outside the
scope of this study, and therefore we cannot conclude
whether this displacement leads to TV tethering or prolapse
of the leaflets. However, there is evidence that prolapse and
tethering of the leaflets result in TR.8,14,15 As the PMs are
displaced, the tension in the chordae may be decreased, but
this study investigated only the PM motion. We speculate
that the PM displacement observed in the group with heartFIGURE 3. Anatomic representation of PM p
The Journal of Thoracic and Cadisease may have contributed to the TR present in 5 of the
7 patients. Our analysis is a first step in demonstrating that
left-sided heart disease has a direct impact on right-sided an-
atomic structures, resulting in a configuration that may lead
to TV leaflet prolapse and tethering. Further studies are
needed to investigate the direct impact of PM displacement
on valve function. Such studies are currently under way to
confirm these phenomena.
In addition to the role of annular dilatation in TR, which is
widely accepted, we believe changes in the PM positions
may also play an important role in TR. If PM displacement
does in fact affect TV function and lead to TR, this may
lead to residual TR after repair, if the PM positions were al-
tered and not addressed with the repair. Traditionally, theosition in the RV. PM, Papillary muscle.
rdiovascular Surgery c Volume 141, Number 3 747
FIGURE 4. Visualization of triangle formed by normal patients (blue) and patients with heart disease (red). A, Y displacement of the septal PM in patients
with heart disease. B, Displacement of the septal PM toward then centroid in patients with heart disease. SPM, Septal papillary muscle; PPM, posterior pap-
illary muscle; APM, anterior papillary muscle.
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cuses on reducing the dilated annulus to its original size with
the placement of an annuloplasty ring. Studies have found that
restoring the annulus to a normal size may not eliminate TR
completely, and in many cases it returns.16,17 Thus, solely
reducing the annulus may be insufficient to permanently
correct TR.16,18 Although PM displacement may be one con-
tributor to this recurrence of TR, this study also demonstrates
that itmaybe important to assess the impact of the LVsize and
septal motion on RV function, even before surgery is attemp-
ted. These outcomes suggest that the underlying pathophysi-
ology associated with TR is perhaps not well understood.
Previous studies have attempted to correlate RVPMdisplace-
ment to TR and found TV tethering and restriction of leaflet
mobility caused by PM displacement to be an independent
predictor of TR after TV annuloplasty.7,9 Although the
relation of LV dilatation to durability of TV repairs has yet
to be proven, this study demonstrates the geometric relation
between the 2 ventricles. Futures studies may aim to
determine pre- and postoperative PM position and
determine the relation to patient outcome. This study
demonstrates a useful tool that can be implemented to
measure PM position in both normal patients and patients
with heart disease.
Limitations
This study was limited to the effects of LV dilatation on
the posterior and septal PMs, because they are located on
the septal wall. Because of the retrospective nature of this
study, only PM positions at end diastole were acquired. Fu-748 The Journal of Thoracic and Cardiovascular Surgture studies of the dynamic position of the PMs through the
cardiac cycle are required. Although the images used for this
study were at end diastole, after careful observation of the
ventricle throughout the cardiac cycle we found the position
of the PMs did not move from the time of analysis until the
beginning of systole when the ventricle began to contract. It
is of importance to note that although TR is a systolic phe-
nomenon, the displacement of the PMs elucidated in this
study is expected to have an effect on the TV apparatus dur-
ing systole and may even be further exacerbated. This can be
determined by future studies that investigate the PMs not
only at peak systole but also throughout the entire cardiac
cycle.CONCLUSIONS
Dilatation of the LV resulted in a significant displacement
of the septal PM position. This change in PM position is due
to change in geometry of the LV with dilatation and move-
ment of the septal wall into the RV. Implications of the dis-
placement of septal and posterior PMs in the role of TV
function are yet to be determined.References
1. Sadeghi HM, Kimura BJ, Raisinghani A, Blanchard DG, Mahmud E, Fedullo PF,
et al. Does lowering pulmonary arterial pressure eliminate severe functional tri-
cuspid regurgitation? J Am Coll Cardiol. 2004;44:126-32.
2. Bonow RO, Carabello B, De Leon AC, Edmunds LH, Fedderly BJ, Freed MD,
et al. ACC/AHA guidelines for the management of patients with valvular heart
disease—A report of the American College of Cardiology American Heart Asso-
ciation Task Force on practice guidelines (Committee on Management of Patients
with Valvular Heart Disease). J Am Coll Cardiol. 1998;32:1486-582.ery c March 2011
Spinner et al Acquired Cardiovascular Disease3. Weber KT, Janicki JS, Shroff S, Fishman AP. Contractile mechanics and interac-
tion of the right and left-ventricles. Am J Cardiol. 1981;47:686-95.
4. Jouan J, Pagel MR, Hiro ME, Lim KH, Lansac E, Duran CMG. Further informa-
tion from a sonometric study of the normal tricuspid valve annulus in sheep:
Geometric changes during the cardiac cycle. J Heart Valve Dis. 2007;16:511-8.
5. Hiro ME, Jouan J, Pagel MR, Lansac E, Lim KH, Lim HS, Duran CMG. Sono-
metric study of the normal tricuspid valve annulus in sheep. J Heart Valve Dis.
2004;13:452-60.
6. Kim HK, Kim YJ, Park JS, Kim KH, Kim KB, Ahn H, et al. Determinants of the
severity of functional tricuspid regurgitation. Am J Cardiol. 2006;98:236-42.
7. Anyanwu AC, Chikwe J, Adams DH. Tricuspid valve repair for treatment and
prevention of secondary tricuspid regurgitation in patients undergoing mitral
valve surgery. Curr Cardiol Rep. 2008;10:110-7.
8. Fukuda S, Song JM, Gillinov AM, Daimon M, Kongsaerepong V, Greenberg N,
et al. Tricuspid valve tethering predicts residual regurgitation after tricuspid annu-
loplasty. J Am Coll Cardiol. 2005;45:362A.
9. Weber OM, Martin AJ, Higgins CB. Whole-heart steady-state free precession
coronary artery magnetic resonance angiography. Magn Reson Med. 2003;50:
1223-8.
10. Association NEM. Digital imaging and communications in medicine (DICOM).
In: Association NEM, ed. Information object definitions. Rosslyn, Virginia;
2004:876.The Journal of Thoracic and Ca11. Hinderliter AL, Willis PW, Long WA, Clarke WR, Ralph D, Caldwell EJ, et al.
Frequency and severity of tricuspid regurgitation determined by Doppler echocar-
diography in primary pulmonary hypertension. Am J Cardiol. 2003;91:1033-7.
12. Sukmawan R, Watanabe N, Ogasawara Y, Yamaura Y, Yamamoto K, Wada N,
et al. Geometric changes of tricuspid valve tenting in tricuspid regurgitation sec-
ondary to pulmonary hypertension quantified by novel system with transthoracic
real-time 3-dimensional echocardiography. J Am Soc Echocardiog. 2007;20:
470-6.
13. Rogers JH, Bolling SF. The tricuspid valve: current perspective and evolving
management of tricuspid regurgitation. Circulation. 2009;119:2718-25.
14. Miyatake K, Okamoto M, Kinoshita N, Ohta M, Kozuka T, Sakakibara H,
Nimura Y. Evaluation of tricuspid regurgitation by pulsed doppler and two-
dimensional echocardiography. Circulation. 1982;66:777-84.
15. Fukuda S, Song JM, Gillinov AM, Daimon M, Kongsaerepong V, Greenberg N,
et al. Tricuspid valve tethering predicts residual regurgitation after tricuspid annu-
loplasty. J Am Coll Cardiol. 2005;111:975-9.
16. Park YH, Song JM, Lee EY, Kim YJ, Kang DH, Song JK. Geometric and
hemodynamic determinants of functional tricuspid regurgitation: A real-time
three-dimensional echocardiography study. Int J Cardiol. 2008;124:160-5.
17. Fukuda S, Gillinov AM, McCarthy PM, Stewart WJ, Song JM, Kihara T, et al.
Determinants of recurrent or residual functional tricuspid regurgitation after
tricuspid annuloplasty. Circulation. 2006;114:I582-7.rdiovascular Surgery c Volume 141, Number 3 749
A
C
D
